A coextrusion process was used to fabricate three-directionally macrochanneled tetragonal zirconia polycrystals (TZP) with a calcium phosphate coating layer. The three-directionally connected structure was built by a unique alignment and a lamination of the TZP surrounded by calcium phosphate and carbon black filaments. After a thermal treatment (binder burnout and sintering), a 52 vol% array of 290 m, threedirectionally connected macrochannels, which were clad on the inside with bioactive calcium phosphate, had formed on the sintered TZP body. For a comparison, porous calcium phosphate with a similar structure was also fabricated. The compressive strength (96 MPa) of the three-directionally macrochanneled TZP with a bioactive calcium phosphate layer was much higher than that (24 MPa) of the three-directionally macrochanneled calcium phosphate.
I. Introduction
P OROUS calcium phosphate materials have received a lot of attention for use as bone graft materials because of their excellent resorbable and osteoconductive nature [1] [2] [3] [4] due to the crystallographic and chemical similarity with various calcified tissues in vertebrates. [5] [6] [7] [8] Several manufacturing techniques for making these porous bioceramics, such as the hydrothermal exchange process, 9 and for embedding organic particles in the HA powder have been developed. 10 -12 However, both conventional methods offer both limited control on the pore structure that is critical for its osteoconduction behavior and relatively low compressive strength. [13] [14] [15] Recently, a new fabrication technique for porous bioceramics was developed to improve the control of the pore geometry. 16 This porous body showed a uniform array of macrochannels on the sintered calcium phosphate body. Furthermore, the compressive strength was enhanced using tetragonal zirconia polycrystal (TZP) bioceramic as a strong body, while its bioinert surface was coated with bioactive calcium phosphate. 17 However, these porous bodies offered no interconnection between the macrochannels. Therefore, in this paper, three-directionally macrochanneled TZP, which was coated by a bioactive calcium phosphate layer, was fabricated to enhance the osteoconductivity while maintaining the high compressive strength. For comparison, a threedirectionally macrochanneled calcium phosphate was also fabricated. The sintered samples were analyzed by X-ray diffraction (XRD), optical microscopy, scanning electron microscopy (SEM), and electron dispersive spectroscopy (EDS) analysis. The compressive strengths were also measured.
II. Experimental Procedure
Commercially available tetragonal zirconia polycrystals (TZ-3Y; Tosoh Co., Tokyo, Japan) and calcium phosphate (SigmaAldrich Co., Milwaukee, WI) powder were used as the ceramics. Carbon black powder (Cabot Black Pearls BP-120; Cabot Corp., Boston, MA) was used as a fugitive material, which could be removed after thermal treatment. The calcium phosphate powder was calcined at 900°C for 1 h in air to improve the powder characteristics, as previously reported. 16 The ceramic (or fugitive) powders were mixed with ethylene ethyl acrylate (EEA 6182; Union Carbide, Danbury, CT) resin at 105°C in a heated shear mixer. Processing aids were also added to ensure a consistent apparent viscosity value (ϳ3000 Pa⅐s). The details are described elsewhere. 16 Once compounded, each thermoplastic compound was molded using either a 22-mm cylindrical mold or a half-piped mold. The initial feed rod of the TZP/calcium phosphate was composed of two materials; that is, a 20-mm cylindrical TZP core was surrounded by calcium phosphate (shell) with a thickness of 1 mm ( Fig. 1(A) ). Similarly, an initial feed rod of carbon black was made with a 22-mm cylindrical mold. The initial feed rods were coextruded using a 300-m orifice at 120°C with a crosshead speed of 3 mm/min ( Fig. 1(B) ). This produced continuous and flexible filaments with the same cross sections to the initial feed rods. Two types of filaments (TZP/calcium phosphate and carbon black) were set out alternately using a six-axis mandrel, making TZP/calcium phosphate filaments neighbored by carbon black filaments ( Fig. 1(C) ). An adhesive spray was applied to the sheets to connect the filaments. The sheet was cut and biaxially stacked into a 38-mm ϫ 38-mm square mold ( Fig. 1(D) ) and then warm-pressed at 140°C with 10 MPa, forming a three-directionally connected structure ( Fig. 1(E) ).
Binder burnout was completed in an alumina tube furnace with a slow heating rate up to 700°C in flowing air to avoid the formation of defects in the green body, such as bloating and cracking. After binder burnout, the three-directionally macrochanneled TZP and calcium phosphate billets were sintered at 1500°a nd 1350°C for 1 h in air, respectively. The sintered bodies were analyzed by several techniques, such as XRD, optical microscopy, SEM, and EDS. In addition, the compressive strengths were measured for the samples with dimensions of 5 mm ϫ 5 mm ϫ 5 mm. 
III. Results and Discussion
The design of the three-directionally macrochanneled TZP is shown in Fig. 2 . The TZP bioceramic was used for the body, which retained the applied stress, while the TZP surface was coated with calcium phosphate to ensure an active osteoconductive behavior. That is, the calcium phosphate layer can be gradually replaced by natural bone, enhancing the interfacial bonding between the implant and natural bone.
A cross-sectional view of a filament of the TZP/calcium phosphate, made by coextrusion, is shown in Fig. 3(A) . As expected, the filament shows the same design as the initial feed rod; i.e., a 16-m calcium phosphate layer continuously and uniformly surrounded the TZP core. Furthermore, neither a gap nor overlapping was observed in the unidirectionally aligned filament sheet (Fig. 3(B) ). Each sheet was biaxially stacked to build the three-directionally connected structure. Note, the TZP surrounded by calcium phosphate and carbon black appear in the bright and dark contrasts, respectively
The optical photographs of the top view and side view of the sintered three-directionally macrochanneled TZP coated by calcium phosphate are shown in Figs. 4(A) and (B) . The body consisted of a 48 vol% TZP coated by calcium phosphate and a 52 vol% macrochannel in a uniform array of 290 m (see Table I ). Correspondingly, 48 vol% macrochannels, 278 m in size, were formed in the sintered calcium phosphate body.
Compared with the conventional methods for manufacturing a porous body, the pore structure was accurately controlled. In other words, the porous bodies fabricated by conventional methods had a random pore distribution with a large range of pore size. However, the macrochannel made by coextrusion is almost straight with an extremely narrow size distribution because this macrochannel was formed by removing the carbon black filament after thermal treatment. Moreover, the interconnection size is the same as the macrochannel size, which is important for osteoconductive behavior.
The bioactive calcium phosphate coating layers are shown in Fig. 5 . The interfaces between the TZP and calcium phosphate, indicated by the arrows, showed no cracking (Fig. 5(A) ). With higher magnification, good interfacial bonding was observed, as shown in Fig. 5(B) . The macrochannel was clad on the inside with a bioactive calcium phosphate layer. Considering the thermal stress on cooling, a tensile stress developed on the calcium phosphate layer. However, no cracks were observed at the interface between the TZP and calcium phosphate layer. This good adhesion instead of cracking might be the result of a release of thermal stress by the pores on the sintered calcium phosphate layer.
When calcium phosphate, mostly composed of a crystalline HA (Ca 10 (PO 4 ) 6 (OH) 2 ) phase, is sintered at high temperatures, some parts of the HA phase are converted to a crystalline TCP (Ca 3 (PO 4 ) 2 ) phase, leaving pores on the sintered body, according to the following equation: Furthermore, the HA phase forms the TCP phase with excess zirconia as CaO enters the partially stabilized zirconia. 18 The reaction between zirconia and HA at the interface during sintering might also release the thermal stress. However, XRD showed no evidence of cubic zirconia formation, suggesting that there was a negligible amount of solid solution between CaO and ZrO 2 to be detected.
As expected, the compressive strength (96 Ϯ 11 MPa) of the three-directionally macrochanneled TZP was almost four times larger (24 Ϯ 5 MPa) than that of the three-directionally macrochanneled HA, as described in Table I . The remarkable improvement in compressive strength was due to the strong TZP body, which could retain a higher applied compressive stress. Furthermore, its active osteoconductive behavior is expected because its bioinert surface is coated by a bioactive calcium phosphate layer, forming a direct bonding by being replaced by natural bone.
IV. Summary and Conclusions
A strong and biocompatible three-directionally macrochanneled TZP-coated bioactive calcium phosphate layer was fabricated using TZP, which was surrounded by a calcium phosphate layer, and carbon black filaments. After sintering, the three-directionally macrochanneled TZP contained 52 vol% 290-m pore channels in a uniform array, which were coated on the inside with a calcium phosphate layer. The compressive strength (96 Ϯ 11 MPa) of the three-directionally macrochanneled TZP was much higher than that (24 Ϯ 5 MPa) of the three-directionally macrochanneled calcium phosphate. Moreover, excellent biocompatibility is expected due to its bioactive calcium phosphate layer on the bioinert TZP surface. 
